Summary. In view of controversial findings regarding the mechanism for the increased intracellular hepatic cyclic 3' :5' adenosine monophosphate levels in diabetic rats, we studied the dose-response relationship of the adenylate cyclase to glucagon stimulation in severely diabetic and in diabetic, insulin-treated rats. An enhanced response to glucagon and an additional augmenting effect of guanosine triphosphate on hormonal stimulation of the adenylate cyclase activity were found in diabetes which were reversible with insulin treatment. The results suggest a role of the regulatory guanyl nucleotide-binding protein in diabetes leading to an increased dose response relationship of the hepatic adenylate cyclase system to glucagon.
Elevated tissue 3':5' cyclic adenosine monophosphate levels have been reported to occur in livers and fat cells of diabetic rats and mice [1, 2] . A similar increase has been found in livers of fasted animals [3, 4] . The mechanisms involved in these effects are thought to be decreased cyclic AMP degradation due to lowered phosphodiesterase activity [2, 3] and/or activation of the adenylate cyclase system. With respect to the cyclase system the acute activation could be due to changes in the insulin-glucagon ratio [5] and an increased sensitivity to glucagon could be involved. The latter was shown in crude membrane fractions from livers of streptozotocin-diabetic mice [6] . After treatment with insulin this increased sensitivity to glucagon stimulation returned to normal values [6] . In contrast Pilkis et al. found no difference in hormonal stimulation of the adenylate cyclase system in both diabetic and non-diabetic control animals [2] . This discrepancy prompted us to re-investigate the change in sensitivity of the adenylate cyclase to glucagon in diabetic rats and the effects of insulin treatment with special reference to the action of guanyl nucleotides.
Materials and Methods

Hormones and Chemicals
Streptozotocin-HC1 was provided by the Upjohn Company, Heppenheim, FRG; unlabelled glucagon was purchased from Novo, Copenhagen, Denmark; insulin preparations from Hoechst, Frankfurt, FRG. Human albumin was obtained from the Swiss Red Cross, Berne, Switzerland; a-P3Z-adenosine triphosphate was supplied by the Radiochemical Centre, Amersham, UK with a specific activity of 8-10 Ci/mmol in a water-ethanol mixture (1:1); beef pork 1251 glucagon (specific activity 150-200 Ci/g) was from Cambridge Nuclear Radiopharmaceutical Corporation, Billerice, Mass, USA; all other chemicals were of analytical grade and obtained from commercial sources.
Animals
Male Wistar rats from Ivanovas, Kisslegg, FRG were used and fed a commercial diet (Altromin, Lage-Lippe, FRG) with free access to tap water. The rats were sacrificed after an overnight fast.
Experimental Procedure
Animal treatment: Experimental diabetes was induced by IV injection of 100mg/kg streptozotocin-HC1 (dissolved in 0.154 mol/1 NaCI, pH 4) to rats weighing 120-150 g. A first group of diabetic animals (n = 18) received no treatment over a period of 6 days, a second group of rats (n = 12) was treated with insulin (Depot Hoechst CR) twice daily (8 IU at 8.00 h, 10 IU at 20.00 h SC) for 3 days after a duration of diabetes of 6 days. Six of 18 diabetic animals died in diabetic coma with acetonuria, exsiccosis and hyperventilation. A third group (n = 9) served as non-diabetic controls and received identical volumes of saline instead of streptozotocin.
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Plasma membrane isolation: Liver plasma membranes were prepared according to a modified method of Neville and Ray as described in detail elsewhere [7] . Two to five livers were used for one preparation.
Assay procedures: The purity and contamination of the membranes were checked by 5'nucleotidase [8] , Mg-ATPase [9] , alkaline phosphatase [9] , glucose-6-phosphatase [10] and succinate-INT-reductase [11] . Protein was determined with a modified method described by Lowry et al. [12] , using bovine albumin as standard. Plasma glucose levels were measured with the hexokinase method [12] , insulin levels were determined as immunoreactive insulin using a rat insulin standard [14] , glucagon concentrations as immunoreactive glucagon [14, 15] .
Binding studies: Binding of insulin and glucagon to the membranes was determined as described previously [15] . All binding data were corrected for non-specific binding, which has been shown to be in the range of 3%-10%.
Adenylate cyclase assay: Adenylate cyclase activity was measured following a modified method described by Salomon et al. [16] with non-radioactive cyclic AMP as a 'trapping system'. This 'trapping system' leads to similar results as a mixture containing the phosphodiesterase inhibitor isobutylmethylxanthine. The assay mixture consisted of MgC12 (5 mmol/l), radioactive cyclic AMP (1 mmol/1), albumin (0.1%), EDTA (1 mmol/1), an ATP regenerating system: creatine phosphate (10 mmol/1) and creatine-phosphokinase (0.3 mg/ml), c~ np ATP (300000~500000 cpm, dissolved in non-radioactive ATP (0.45 mmol/l)), NaF (10 mmol/1) or glucagon in concentrations as indicated in the experiments, guanosine triphosphate as indicated and membranes in a concentration of 0.07~).1 mg/ml in a total volume of 0.1 ml (pH 7.4). Incubation was stopped after 10 rain at 37 ~ and separation of newly formed rip_ cyclic AMP was performed on Dowex and aluminium hydroxide columns [16] . The activity was expressed as nmol g-1 min-~ calculated from a computerized programme (Olivetti programma 101). The assay system showed linearity both with respect to amount of membrane protein used and incubation time.
Statistical calculations were performed using Student's t-test for unpaired or where applicable, paired comparison, p levels < 0.05 were considered as significant.
Results
Within 6 days after streptozotocin injection (100 mg/ kg), the animals developed severe diabetes with blood glucose levels in the range of 22 mmol/1 and ketonuria.
Plasma insulin levels decreased from 9.8 _+ 3.1 to 4.3 _+ 2.9 mU/1 (p < 0.01) while plasma glucagon rose from 39. As shown in Figure 1 , the dose-response relationship for glucagon stimulation of the hepatic adenylate cyclase was significantly increased compared with controls. This effect was observed with glucagon concentrations as low as 7 x 10 -8 mol/h 280 + 13 in diabetes versus 200 + 10 nmol/g -1 min -I in controls (mean + SEM, p < 0.01) and was more pronounced at maximal stimulation 7 x 10 -7 mol/l: 379 + 32 in diabetes versus 256 _+ 94 nmol g-1 min-1 in controls (p < 0.01). The basal and the fluoride stimulated activity remained unchanged (Table 1) . In contrast to the elevated enzyme activities in diabetes, the affinity of the adenylate cyclase to glucagon was decreased by 44%: Ka diabetes: 9.68 x 10 -8 versus Ka control: 5.43 + 10 -8 mol/1, as calculated from a Lineweaver-Burk diagram.
An additional stimulating effect of GTP (10 -4 mol/l) to glucagon response in control rats was measured at glucagon concentrations of 7 x 10 -9 mol/1 and reached its maximum at glucagon concentrations of 7 x 10 -7 tool/1 (386 _+ 10 versus 256 + 94 nmol g-~ min -1, p < 0.01), corresponding to an 1.5-fold additional stimulation of the maximal glucagon effect (Fig. 2, Table 1 ). This GTP induced additional stimulation of the effect of glucagon was even more pronounced in diabetes (Fig. 2) with maximal stimulation at 7 x 10 -7 mol/l: 845 + 168 in the presence versus 379 + 32 nmol g-a min -~ in the absence of 10 -4 mol/1 GTP (2 < 0.02, mean + SEM); thus, GTP causes a 2.2-fold additional effect in diabetes compared with only a 1.5-fold stimulation in the control rats (Table 1 ; p < 0.02).
In order to study the changes of the hormonal responsiveness of the adenylate cyclase after insulin treatment, severly diabetic rats (streptozotocin 100 mg/kg) were treated with insulin for 3 days. A return to near-normal glucose levels was obtained. Four insufficiently treated animals with glucosuria and/or ketonuria were excluded from this group. The additional increase in stimulation of the adenylate cyclase in the presence of added GTP returned to almost normal values after insulin treatment with a dose response relationship as shown in Figure 2 . The glucagon stimulation in the absence of added GTP, however, remained at the same level as observed in untreated diabetes (378 + 62 versus 379 + 32 nmol g- (Table 1) .
Discussion
In this study we have extended our earlier observation of an increased hepatic adenylate cyclase sensitivity to glucagon in diabetes using crude membrane fractions from mouse liver [6] to hepatic plasma membranes in rats. Reversibility of the additional GTP stimulation was reached after insulin treatment. The results are in contrast to those of Pilkis et al. [2] , who could not demonstrate any differences in the hormonal response under diabetic conditions. These variations could be due to different severity of diabetes, since in a milder form of diabetes induced by streptozotocin (80 mg/kg) we found, like Pilkis et al. [2] , no difference in both groups (unpublished data). These variant results could also be due to differences in membrane isolation techniques. The enhanced dose response relationship in untreated diabetes and the increased additional GTP response leads to the question of which step of the adenylate cyclase system may be activated in diabetes. The adenylate cyclase system appears to consist of at least three separate components [17] : a hormonal receptor specific for a certain hormone on the outside of the membrane, a catalytic unit catalyzing the conversion of ATP to cyclic AMP and a guanyl nucleotidebinding regulatory protein, called G/F or N protein [18] . This N unit has been shown to be responsible for the hormonal, GTP and fluoride stimulated activities of liver adenylate cyclase [18, 21] with a localisation most probably at the inner surface of the plasma membrane [19] . One essential component of this multi-subunit N protein is the GTP binding site [21, 25] . The GTP-N protein complex formed after reaction and dissociation of the hormone-receptor complex is believed to be the only stimulator of the adenylate cyclase [17, 22] . The activity of the N protein is associated with a GTPase [22, 23] and/or the release of tightly bound inhibitory GDP from the N unit [25] . A possible modulation of the N unit activity may be the decreased GTPase activity as shown for the cholera-toxin-dependent enhancement of the GTP effect on the adenylate cyclase [17, 18] . This effect was shown to be directly correlated with a cholera-toxindependent ADP ribosylation of the N unit [24] . Our results suggest that a step beyond the receptor, most probably an activation of the N unit may be involved in the enhanced dose response relationship for glucagon of the adenylate cyclase in severe diabetes, since this effect was augmented in the presence of GTP.
